Abstract -The objective of this work was to compare the effect of different times of leaf removal on the vegetative-productive efficiency and on the chemical and physical characteristics of 'Cabernet Sauvignon' clusters in a high-altitude region of the state of Santa Catarina, Brazil. The experiment was conducted in the 2015 and 2016 vintages, in a commercial vineyard, located in the municipality of São Joaquim, in the state of Santa Catarina, at 1,230-m altitude. The treatments consisted of different times leaf removal in the cluster zone, in the following phenological stages: full bloom, buckshot berries, pea-sized berries, veraison, and 15 days after veraison, besides a control without leaf removal. The evaluated variables were subjected to the analysis of variance and compared with the Scott-Knott test, at 5% probability. In a high-altitude region, leaf removal provides more adequate indices for plant vegetative:yield balance. It also increases yield when performed during the pea-sized berry and veraison stages, increases the fertility index when performed during the pea-sized berry stage, and improves the chemical composition of 'Cabernet Sauvignon' grape when performed up to the pea-sized berry stage. The obtained results show the importance of early leaf removal to obtain must with potential for the production of quality wines.
Introduction
Grapevines cultivated in highland regions of the state of Santa Catarina, Brazil (26º and 28ºS, at altitudes between 950 and 1,400 m), present longer phenological stages than those of other winegrowing areas in the country (Brighenti et al., 2013) . These regions show potential to produce quality wines, mainly due to the great availability of solar radiation and low night temperatures (Malinovski et al., 2016) .
The 'Cabernet Sauvignon' (Vitis vinifera L.) variety has the largest production area in the high-altitude regions of Santa Catarina, corresponding to 37% of the planted area (Vianna et al., 2016) . However, this variety has a late and long cycle (214 days) that requires a higher thermal summation to complete its phenological stages, and its harvest happens in late April, when there are considerable drops in temperature in the region (Brighenti et al., 2013) . Consequently, in cold and rainy years, there is a risk of harvesting 'Cabernet Sauvignon' with inadequate maturation parameters, such as high acidity and excess herbaceous aromas. Furthermore, the edaphoclimatic conditions of the high-altitude regions of Santa Catarina, such as high water availability (Bem et al., 2016) and high organic matter in the soil (Mafra et al., 2011) , promote excessive vegetative growth. This shows that it is necessary to perform some canopy managements to improve vine balance, which allows grapes to be harvested at appropriate levels of maturity.
Vine growth management for wine grape cultivation has aimed to optimize sunlight interception, photosynthetic capacity, and canopy microclimate in order to improve fruit production and wine quality, especially for vigorous varieties with dense canopies (Jogaiah et al., 2013) .
Basal leaf removal may be employed to improve air and light exposure around clusters, as well as to open access to disease-and pest-control chemicals (Miele & Mandelli, 2012) . This vineyard practice is carried out in all wine-growing regions, usually between the setting and veraison phenological stages of the grapevine , although it has become more common before setting (Komm & Moyer, 2015) . An effect generally associated with basal leaf removal is the reduction in the incidence of bunch rot (Molitor et al., 2011) . Besides, the removal of basal leaves may also significantly enhance anthocyanin levels and skin color, particularly in cool climates (Lee & Skinkis, 2013; Sternad Lemut et al., 2013) ; increase sugar and polyphenols, improving grape quality at harvest (Poni et al., 2006) ; and cause a drop in titratable acidity (Poni et al., 2006; Diago et al., 2012) .
The objective of this work was to compare the effect of different times of leaf removal on the vegetativeproductive efficiency and on the chemical and physical characteristics of 'Cabernet Sauvignon' clusters in a high-altitude region of the state of Santa Catarina, Brazil.
Materials and Methods
The experiment was performed in a commercial vineyard, planted with the variety 'Cabernet Sauvignon', located in the municipality of São Joaquim (28º17'39"S, 49º55'56"W, at 1,230 m of altitude), in the state of Santa Catarina, Southern Brazil, during the 2015 and 2016 vintages. The experimental design was randomized complete blocks with four blocks and five plants per plot.
The climate of the region has been classified as "cool, cool nights, and humid", with heliothermic index of 1,714, average annual rainfall of 1,621 mm, and annual average relative humidity of 80% (Tonietto & Carbonneau, 2004 ) and organic matter (71 g kg ) contents (Solos…, 2004) . 'Cabernet Sauvignon' vines (grafted on '1103 Paulsen') were planted in 2004 in a northwest to southeast row orientation, with a 3.0 m (row) x 1.5 m (vine) spacing. Vines were trained on a vertical shoot position with double-cordon and spur pruning at 1.2-m height and were covered with an anti-hail net.
The treatments consisted of leaf removal at the cluster zone in five different phenological stages according to the Baillod & Baggiolini (1993) scale: full bloom, buckshot berries, pea-sized berries, veraison, and 15 days after veraison, besides a control without leaf removal. Leaves were removed manually by removing three basal leaves, including the leaf opposite to the cluster, exposing the grapes completely. Vineyard practices (pruning, shoot topping, and disease control) were maintained as recommended to commercial growers in the region.
Harvest started on 4/1/2015 and 3/17/2016 according to the winery standards. During harvest, the number of clusters, shoots per vine, and production (kg per vine) were determined for eight plants per treatment. ) and bud fertility (clusters per shoot) were estimated.
At harvest, 150 berries were randomly collected per plot/treatment from different portions of the clusters and both sides of the rows. Samples were immediately subjected to the analyses of soluble solids, total acidity, and pH, following the protocols of International Organisation of Vine and Wine (OIV, 2015) . From the grape must, the soluble solids content was determined in a digital temperature-compensated refractometer From grape skins, the contents of total polyphenols and anthocyanins were evaluated at both vintages. For polyphenol extraction, 25 g skins were weighted, homogenized in 10 mL methanol (1:1), macerated for 24 hours at 30±0.5°C, and then washed with 2.5 mL methanol (1:1). A second extraction from the remains of the skins was performed using the same methanol volume and time, at 0±0.5°C. Both extracts were separated, homogenized, and filtered through Whatman 01 filter paper (Marcon Filho et al., 2015) . Total polyphenol content was determined by the spectrophotometry method described by Singleton & Rossi (1965) , using the Folin-Ciocalteu reagent, with absorbance in 760 nm wavelength. Phenolic content was obtained using a gallic acid calibration curve, whereas total anthocyanins were determined by the spectrophotometry method according to Ribéreau-Gayon et al. (1998) .
Leaf area (m 2 per vine) was estimated during harvest from the correlation between the central vein length and area of an individual leaf (Borghezan et al., 2010) . The leaf area measurements were made on 10 shoots. The following equation was obtained: y = 1.1265x 2.0445 , in which y corresponds to the leaf area to be estimated (cm 2 ) and x corresponds to the central vein length of the leaf (cm). Based on these data, the vine balance:leaf area/yield (cm 2 g -1
) and yield/leaf area (kg m -2 ) ratios were obtained.
The data were subjected to the analysis of variance, at 5% probability, and, when treatment effects were detected, the Scott-Knott test was performed, also at 5% probability.
Results and Discussion
Regarding the number of clusters per plant, no differences were observed in the 2015 vintage. However, in 2016, plants subjected to leaf removal during the pea-sized berry and veraison stages presented a higher number of clusters than those subjected to the other treatments. This result is related to the fertility index (number of clusters per shoot), which was higher in plants defoliated at pea-sized berries and veraison (Table 1) . In 2016, when the plants were not subjected to leaf removal (control) or when leaves were removed 15 days after veraison, there was a reduction in bud fertility, caused by excessive shading in the region of clusters and buds. The formation of a fertile bud is a consequence of the differentiation of an undifferentiated primordium into a reproductive primordium (Botelho et al., 2006) , and light intensity is the most limiting factor for the formation of fertile buds. Unsatisfactory light conditions during inflorescence initiation severely reduce bud fertility, and shoots more exposed to light are usually more fertile (Keller & Koblet, 1995) . Therefore, leaf removal in the cluster region exposes the buds to the sun , affecting bud fertility and, consequently, contributing to an increase in the number of clusters per shoot.
However, these climatic conditions do not occur in the high-altitude regions of the state of Santa Catarina. Similar values for mean temperature, relative air humidity, and rainfall were observed during the experimental period from November to April (Figure 1) . The 2014/2015 vintage presented averages of 16ºC, 82.1%, and 1,019 mm, respectively, while the 2015/2016 vintage had averages of 16.8ºC, 83.6%, and 953.4 mm. Therefore, bud exposure through leaf removal is an alternative to increase temperature and to obtain direct solar radiation in the bud region, improving floral differentiation.
Plants defoliated during veraison presented higher yields, followed by those defoliated during the pea-sized berry stage (Table 1) . These results coincide with higher values of the bud fertility index. When leaf removal was carried out in the full bloom stage, that is, earlier than in traditional timings of defoliation, there was a reduction in yield, because the removal of basal leaves reduces the availability of carbohydrates; therefore, the fruit set is poorer and the clusters are smaller (Poni et al., 2006; Tardaguila et al., 2010) .
Regarding the technological maturity of 'Cabernet Sauvignon', no difference was observed for soluble solids in the 2015 vintage; however, in 2016, early leaf removal at full bloom, buckshot berries, and peasized berries resulted in the highest soluble solids values (Table 2) . Intrieri et al. (2008) and Gatti et al. (2012) found similar results, which may be related to increased sun exposure in the cluster zone.
In the 2015 vintage, leaf removal in the buckshot berry, pea-sized berry, and veraison phenological stages resulted in lower values of total acidity; however, in 2016, only leaf removal performed at pea-sized berries resulted in a reduction of 'Cabernet Sauvignon' total acidity. Early leaf removal, associated with a high incidence of solar radiation, provides a reduction in total acidity contents, due to the degradation of malic acid Risco et al., 2014) . This effect may also be a result of the direct exposure of clusters to the sun, which increases their temperature and, consequently, the rate of cellular respiration, causing malic acid degradation (Conde et al., 2007) .
In the 2015 vintage, the pH values were below 3.30 for all timings of leaf removal, but were significantly lower in plants defoliated during full bloom and in those that were not defoliated (control). In the 2016 vintage, no differences were observed between the different timings of leaf removal in the pH of 'Cabernet Sauvignon' (Table 2 ). Other studies also reported little or no effect of leaf removal in the pH of grape (Scheiner et al., 2010; Mosetti et al., 2016) .
In general, for the production of quality red wines, the recommended must characteristics are soluble solids contents above 20 °Brix, total acidity lower than 135 meq L -1 , and pH lower than 3.5 (Jackson, 2014) . Early leaf removal until veraison enables reaching near-ideal maturity indexes. Poni et al. (2006) , in a previous research, concluded that early leaf removal, performed before veraison, has a beneficial effect on grape quality, increasing soluble solids and reducing total acidity. Moreover, early leaf removal exposes berries to higher temperatures and to a higher incidence of solar radiation, resulting in a decrease in total acidity and in increases in pH, by degradation of malic acid .
It was verified that, in the 2015 vintage, leaf removal during the buckshot berry, pea-sized berry, and veraison phenological stages resulted in appropriate levels of total acidity and pH for the production of quality wines. However, in the 2016 vintage, indices considered ideal were not reached in all timings of leaf removal, although plants defoliated at buckshot berries, pea-sized berries, and veraison produced grapes with (1) Means followed by different letters, in the columns, differ by the Scott-Knott test, at 5% probability. ns Nonsignificant for the analysis of variance, at 5% probability. (1) Means followed by different letters, in the columns, differ by the Scott-Knott test, at 5% probability. ns Nonsignificant for the analysis of variance, at 5% probability.
Pesq. agropec. bras., Brasília, v.52, n.10, p.869-876, out. 2017 DOI: 10.1590/S0100-204X2017001000006 maturity indices closer to the ideal. It should be noted that, at the end of the 2016 vintage, there was a high number of rainy days and high humidity (Figure 1) , and it was necessary to anticipate grape harvest.
There was no effect of leaf removal on total polyphenol content in the 2015 vintage; however, in 2016, leaf removal at buckshot berries and pea-sized berries resulted in a higher content of total polyphenols. It should be highlighted that a good-quality red grape contains a large amount of phenolic compounds. In this sense, defoliation has been an important canopy management to improve the quantity and quality of the phenolic compounds of berries (Moreno et al., 2014) , and the timing of leaf removal is another key factor in the accumulation of phenolic compounds (Gatti et al., 2012) . In previous studies, Moreno et al. (2014) also observed that leaf removal resulted in greater accumulation of phenolic compounds, whereas Tardaguila et al. (2010) and Risco et al. (2014) found that early leaf removal caused an increase in polyphenol content. It has been suggested that the biosynthesis of polyphenols is light dependent, favoring their accumulation (Sun et al., 2012) .
For anthocyanins, the highest values were found when leaves were removed in the buckshot berry phenological stage, in the 2015 vintage, and in the buckshot berry, pea-sized berry, and veraison stages in the 2016 vintage, showing the effect of early leaf removal on the greater accumulation of anthocyanins in 'Cabernet Sauvignon' berries (Table 3) . These data are in agreement with those of Di Profio et al. (2011) , when studying the Cabernet Sauvignon, Merlot, and Cabernet Franc cultivars in the USA. These results can be explained by the fact that anthocyanin content is highly dependent on the levels of solar radiation, both in the vegetative canopy and directly in the clusters (Sun et al., 2012) .
The best indices of vegetative balance (greater yield/ leaf area ratio and lower leaf area/yield ratio) were verified when leaf removal was carried out in the peasized berry and veraison stages. The greater vegetativeproductive imbalance occurred in plants that were not defoliated and in those defoliated during full bloom (Table 4) . This is attributed to the reduction in leaf area caused by the leaf removal management, concomitantly with the higher yields observed in plants defoliated during the pea-sized berry and veraison stages.
In high-altitude vineyards, ideal leaf area/yield ratios were established as 23 cm 2 g -1 for 'Merlot' (Borghezan et al., 2011) and 24.5 cm 2 g -1 for 'Malbech' (1) Means followed by different letters, in the columns, differ by the ScottKnott test, at 5% probability. ns Nonsignificant for the analysis of variance, at 5% probability. (1) Means followed by different letters, in the columns, differ by the Scott-Knott test, at 5% probability. ns Nonsignificant for the analysis of variance, at 5% probability. (Silva et al., 2008) . Therefore, leaves removed in the pea-sized berry and veraison stages resulted in values closer to the ideal. Poni et al. (2006) reported similar results in Italy, when managing leaf removal, aiming to improve the vegetative balance of 'Sangiovese'.
The results found in the present work show that early leaf removal, performed before veraison, presented the expected benefits to the winegrower, considering the significant increase in grape quality for the production of high-quality wines. This shows that vine leaf removal is a practice that must be current in viticulture; however, it is necessary to take into account the timing and the intensity of defoliation, environmental conditions, and the variety used in order to obtain the desired benefits.
Conclusions
1. The yield of 'Cabernet Sauvignon' (Vitis vinifera) is superior when leaves are removed during the peasized berry and veraison phenological stages; however, during full bloom, yield is reduced.
2. Leaf removal reduces leaf area and, consequently, provides a better leaf area/yield ratio, which favors the ripening of 'Cabernet Sauvignon' grapes in a highaltitude region.
3. Early leaf removal, performed before veraison, results in values of pH, soluble solids, and total acidity that are adequate for the production of high-quality wines.
